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cyclin A; caspase-3; cell death CISPLATIN [cis-diamminedichloroplatinum (II)] is a common anti-cancer agent used to treat solid tumors, such as head and neck, testicular, breast, and ovarian cancers (8) , but it displays dose-limiting toxicity to several organs. It causes tubular kidney damage by apoptosis and necrosis leading to acute kidney injury (10, 16, 28) . Previous studies from our laboratory showed that cell cycle inhibitory drugs protect both cultured kidney cells in vitro and mouse kidneys in vivo from cisplatin toxicity (30, 31) , and this protection was later shown to be dependent on cyclin-dependent kinase 2 (Cdk2) inhibition (31) . The mechanism of the dependency of cisplatin cytotoxicity on Cdk2 is still not understood.
Cdk2, a Ser/Thr protein kinase, is active during the G1/S transition of the eukaryotic cell cycle and throughout S phase. Apart from its role in proliferation, several studies suggest that Cdk2 plays an important role in cell death. Data showed increased Cdk2 activity in cells undergoing apoptosis (13, 29) , and cell death was accelerated in cells with induced Cdk2 activity (9, 21) . Adachi et al. (1) found that inhibiting Cdk2 activity prevented cell death of cardiomyocytes induced by hypoxia. Similarly, it was shown that Cdk2 regulated apoptosis during ischemic heart injury in vivo and in cultured cardiac myocytes (23) . Other studies suggested a role for Cdk2 during DNA damage-induced apoptosis (7) . These results indicate that Cdk2 has a role in cell death besides proliferation; however, it is still unclear how Cdk2, which regulates cell cycle progression, contributes to apoptosis.
Cisplatin toxicity was initially suggested to be due to nuclear events; however, recent studies showed that both nuclear and cytoplasmic causes played a role in cisplatin-induced cell death (24, 26, 44) . Many pathways leading to apoptosis are activated by cisplatin (18, 24, 26, 34, 35) . After initiation, most pathways lead to disruption of the outer membrane of mitochondria and to release of mitochondrial proteins, such as cytochrome c (25) . In the cytosol, cytochrome c induces conformational change in apoptosis protease-activating factor 1 leading to activation of caspase-9 and downstream executioner proteases, caspase-3 and -7, causing caspase-dependent apoptosis. Other proteins such as apoptosis-inducing factor (AIF) (38) and endonuclease G (Endo G) (22) can also be released from mitochondria and could mediate caspase-independent apoptosis. It is still unclear which cell death pathways initiate cascades resulting in cisplatin cytotoxicity and which amplify these cascades.
In the present study, we examined the role of Cdk2 in cisplatin-induced cell death in mouse kidney proximal tubule (TKPTS) cells using a mutant Cdk2 (Cdk2-F80G) that protected from cytotoxicity. When expressed in TKPTS cells, the Cdk2-F80G protein was kinase inactive, with cytoplasmic localization, and protected from cisplatin cytotoxicity. When coexpressed with excess cyclin A, it was kinase active, localized to the nucleus, and no longer protected from cisplatin. Cisplatin-induced cell death is caused by both caspase-dependent and -independent events. However, in the presence of Cdk2-F80G/cyclin A, cell death by cisplatin was only by the caspase-independent pathway. We conclude that cisplatin activates both caspase-dependent and -independent cell death. Both pathways require Cdk2 and both are inhibited by Cdk2-F80G. Activation of Cdk2-F80G continues to inhibit the caspase-dependent pathway, but cell death is still caused by a caspase-independent pathway.
EXPERIMENTAL PROCEDURES
Cell culture and treatments. Experiments were done on mouse kidney proximal tubule cells (TKPTS) (6) grown at 37°C with 5% CO 2 in DMEM ϩ Ham's F-12 medium supplemented with 50 U/ml insulin and 7% FBS. After being split, cells were maintained for 30 h before adenovirus addition. Cisplatin was added to cultures, where indicated, to a final concentration of 25 M when cells were ϳ75% confluent, and the cells were grown for an additional 24 h. Cdk2-F80G, Cdk2-GFP, and cyclin A adenoviruses were added where indicated to a final multiplicity of infection (MOI) of 100. For colocalization of Cdk2-F80G and Cdk2-GFP, the high intensity of the mCherry fluorescence necessitated lowering the MOI to 10 so that the protein expression levels, as well as transduction efficiency, were significantly lowered. The change of expression levels from those transductions using 100 MOI did not influence protein localizations.
Adenoviruses. Cyclin A adenovirus was a gift from Dr. G. Denis (Boston Medical School, Boston, MA). Human wild-type Cdk2 cDNA plasmid was obtained from Dr. S. van den Heuvel (Massachusetts General Hospital, Boston, MA) (40) . Cdk2-F80G was created by site-directed mutagenesis using the Stratagene Quickchange kit (Stratagene, La Jolla, CA) to change the codon for Phenylalanine 80 (TTT) to a Glycine codon (GGG). The primers (Integrated DNA Technologies, Coralville, IA) used were 5=-CTC TAC CTG GTT GGG GAA  TTT CTG CAC C-3=, 5=-GGT GCA GAA ATT CCC CAA CCA GGT AGA G-3=. The Cdk2-F80G adenovirus was constructed by insertion of a BamHI fragment that contained Cdk2 cDNA into the BglII site of the pAdTrack-CMV plasmid. Adenovirus was constructed in our lab according to protocols from Dr. B. Vogelstein (Johns Hopkins, Baltimore, MD) (14) . The Cdk2-F80G adenovirus used in these studies was constructed as a mCherry (37) fusion protein to assist in localization. No functional differences were noted to be caused by the presence of the mCherry epitope (data not presented). Cdk2-F80G-mCherry fusion expression adenovirus was constructed by inserting BamHI-HindIII cut cDNA encoding mCherry into the HindIII/BamHI window of pAd-Track-CMV-Cdk2-F80G plasmid. The pAd-Track-CMV-Cdk2-F80G-mCherry plasmid was linearized by digestion with PmeI and subsequently cotransformed into Escherichia coli BJ5183 cells (Stratagene) with pAdEasy-1 adenoviral backbone plasmid. The recombinant plasmid was digested with PacI and transfected into Ad-293 cells. Amplification of recombinant adenoviruses was done in HEK-293 cells, purified by CsCl gradients, and stored at Ϫ20°C.
Fluorescence-activated cell sorter analysis. Cells were prepared as previously described (45) and the samples were analyzed using FACSCalibur (Becton Dickinson). Both floating and attached cells were combined for analyses. The cells were grouped into sub-G1/G0, G1/G0, S, and G2/M phases using a cell cycle analysis program (WinMDI 2.8). For each culture condition, Ͼ1 ϫ 10 5 cells were analyzed and the experiment was repeated three times. Cells in sub-G1/G0 were considered apoptotic (5) .
Kinase assay for measuring Cdk2 activity. TKPTS cells were washed with ice-cold PBS and collected in cold lysis buffer (50 mM Tris · HCl, pH 7.4, 50 mM NaCl, 0.5% NP-40) with protease and phosphatase inhibitors. After lysis on ice for 30 min, samples were centrifuged for 20 min at 10,000 g. Protein extracts (200 g) were immunoprecipitated by agarose-immobilized Cdk2 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) or by dsred (anti-mCherry) antibody (CLONTECH, Mountain View, CA) overnight at 4°C with constant rocking, and then washed four times with lysis buffer and once with kinase reaction buffer (20 mM Tris · HCl, pH 7.4, 10 mM MgCl 2, 1 mM dithiothreitol). Washed agarose beads were resuspended in 20-l kinase reaction buffer containing 1 g of histone H1 (Upstate Biotechnology, Billerica, MA) as a substrate, 20 M ATP, After treatment, cells were lysed with lysis buffer (EXPERIMENTAL PROCEDURES) and protein samples (100 g) were separated on 12% SDS-PAGE and transferred to polyvinylidene difluoride membrane. After being blocked with 5% milk in Tris-buffered saline Tween 20 (TBST), the membrane was incubated with primary antibody recognizing both cleaved and full-length caspase-3 (cell signaling). Then, the membrane was washed with 1ϫ TBST and incubated with horseradish peroxidase-conjugated secondary antibody. After being washed, the membrane was developed using enhanced chemiluminescence. Both full-length and cleaved (active) caspases-3 are indicated. Immunoprecipitation and Western blotting. Protein extracts used for cyclin A immunoprecipitation and immunoblotting were obtained from TKPTS cells lysed in 10 mM HEPES, pH 7.6, 100 mM KCl, 1.5 mM MgCl2, and 1 mM EDTA for 20 min and then sonicated for 2 min. Samples for Cdk2 immunoprecipiation were obtained from TKPTS cells by lysing cells as previously described. Protein extracts (200 g) were immunoprecipitated with agarose-immobilized antibodies against Cdk2 and cyclin A (Santa Cruz Biotechnology), dsred (anti-mCherry; CLONTECH). Precipitated agarose beads were washed three times with lysis buffer and loaded on 12% SDS-PAGE. Western blot was done as described previously (30, 46) . Briefly, TKPTS cells were lysed in cold lysis buffer. Protein concentrations were determined using a Bio-Rad protein assay (Hercules, CA). Equal amounts of proteins were loaded on 12% SDS-PAGE. Electrophoresed samples were transferred to nitrocellulose membrane and blocked with 5% milk in Tris-buffered saline Tween 20, and the membrane was incubated overnight at 4°C with primary antibody with constant shaking. After being washed, horseradish peroxidase-conjugated secondary antibody was applied. Bound proteins to the secondary antibody were visualized using ECL (Amersham Biosciences, Piscataway, NJ). The primary antibodies used were Cdk2 (M2) polyclonal antibody (Santa Cruz Biotechnology) and caspase-3 polyclonal antibody (Cell Signaling, Danvers, MA).
Light microscopy and immunofluorescence confocal microscopy. TKPTS cells were photographed using an inverted microscope (Nikon Eclipse TE200, Melville, NY) with Hoffman optics before harvesting (30) . For confocal studies, immunostaining was done on TKPTS cells grown on coverslips and infected with adenoviruses expressing Cdk2-F80G, Cdk2-GFP, and cyclin A, as indicated. Twenty-four hours later, cells were fixed in 4% neutral buffered formaldehyde for 10 min followed by incubation with blocking serum for 10 min. Cells were then incubated with primary antibody for Golgi apparatus (GM-130, BD Transduction Laboratories, San Diego, CA), cytochrome c (BD Transduction Laboratories), or Endo G (ABCAM, Cambridge, MA). Alexa Fluor 488 goat anti-mouse, anti-mouse IgG-Alexa 594 (1:100; Invitrogen, Carlsbad, CA), or anti-rabbit IgG-Alexa 594 (1:200; Invitrogen) secondary antibodies were used for detection of immunofluorescent staining, respectively. DAPI (Vector, Burlingame, CA) staining was performed at the final step for 10 min to visualize nuclei. Fluorescent images were taken using a confocal fluorescence microscope (Zeiss LSM510). To obtain three-dimensional (3-D) images, Z-series taken by confocal microscopy were reconstituted by Huygens Professional software (Scientific Volume Imaging, The Netherlands software). The images presented in Figs. 4, 5, 6, 8 and supplemental movies were selected based on the quality of cell morphology, protein expression, and staining intensity (the online version of this article contains supplemental data). However, the protein localizations represented were typical of those found in almost all of similarly treated cells.
Statistical analysis. Statistical significance between treated and nontreated cultures was done using Student's t-test with two-tailed distribution.
RESULTS

Inactive Cdk2 mutant (Cdk2-F80G) protects TKPTS cells against cisplatin-induced apoptosis.
Previous results from our laboratory showed that cisplatin-induced cytotoxicity is dependent on Cdk2 in vivo and in vitro (31) . The mechanism by which Cdk2 mediates cell death is not yet known. We constructed several mutants of Cdk2 to investigate their effects on cisplatin cytotoxicity. One mutant, where phenylalanine at position 80 was replaced by glycine (Cdk2-F80G), protected cells from cisplatin-induced cell death (Fig. 1) . Cell death in the presence or absence of 25 M cisplatin was determined by light microscopy (Fig. 1A) , FACS analysis of propidium iodide-stained cells (Fig. 1B) , and Western blot for caspase-3 activation (Fig. 1C) .
Cdk2-F80G adenovirus infection of TKPTS cells had no effect on cell death (1.3% apoptosis vs. 3% apoptosis with untreated cells) or caspase-3 activation. A slight effect on the cell cycle was noted in which more percentage of cells were in the G2 phase (30% in G2 vs. 18% of control cells in G2). Cisplatin exposure resulted in 20.6% of cells being apoptotic and showed significant caspase-3 cleavage. Transduction of cells with Cdk2-F80G adenovirus protected TKPTS cells from cisplatin toxicity, which lowered apoptosis to background levels (2%), and also prevented caspase-3 activation. Thus, our results show that Cdk2-F80G protects against cisplatin-induced apoptosis.
Cdk2-F80G is catalytically inactive, does not inhibit endogenous Cdk2 activity, and its activity is regained with the coexpression of cyclin A. We previously showed that Cdk2 inhibition by Cdk2 inhibitory drugs by p21 or by DN-Cdk2 protected against cisplatin-induced cell death in vitro as well as in vivo (30) . These protective agents inhibited endogenous Cdk2 activity. However, Cdk2 was not inhibited by the Cdk2-F80G mutant ( Fig. 2A) , although the mutant was kinase inactive (Fig. 2B, lane 2) . Cdk2-F80G activity was regained with the coexpression of increasing amounts of cyclin A adenovirus (Fig. 2B, lanes 3-5) . 1, 2) or transduced with Cdk2-F80GmCherry expression adenovirus (lanes 3-5) . Protein extracts were immunoprecipitated with agarose-conjugated Cdk2 antibody (ABCAM; lanes 2-5). As a negative control, we used nonspecific IgG for IP (lane 1). Increasing amounts of Cdk2-F80GmCherry were added to immunoprecipitated (IP'ed) Cdk2 (lanes 4 and 5) . Kinase activity was determined using histone H1 as a substrate. B: Cdk2-F80GmCherry mutant is catalytically inactive and regains activity when coexpressed with cyclin A. The activity of the mutant was determined by histone H1 kinase assay. Cells were either untreated (lane 1) or transduced with Cdk2-F80GmCherry expression adenovirus (lanes 2-5) . Some cells were also transduced with increasing amounts of cyclin A expression adenovirus (lanes 3-5) . Protein extracts were immunoprecipitated with agarose-conjugated Cdk2 antibody (ABCAM; lane 1) or agarose-conjugated mCherry antibody (CLONTECH; lanes 2-5) followed by kinase assay with histone H1. For kinase assay, IP'ed pellets were incubated in 40 l of kinase buffer containing 1 g histone H1, 20 M ATP, and 5 Ci of [␥- 32 P] ATP at 30°C for 30 min. The reaction was stopped by additon of Laemmli buffer. Proteins were resolved using 12% SDS-PAGE. The gel was dried and exposed to X-ray film. (Fig. 3A) , and nuclear fragmentation of DNA was confirmed by DAPI staining (Fig. 3B) . Morphology was detected 24 h after cisplatin addition. TKPTS cells were transduced with Cdk2-F80G (Fig. 3A, b, d, f, h and B, b, c, e, f) and cyclin A (Fig. 3A,  c, d, g, h and B, c, f) . Cells were either untreated Fig. 3A, a-d  and B, a-c, or exposed to 25 M cisplatin (Fig. 3A, e-h and B,  d-f ). Cells exposed to cisplatin showed apoptotic characteristics of cell death (Fig. 3A, e and B, d ) and the same features could be observed in cells transduced with cyclin A and then exposed to cisplatin (Fig. 3A, g ). Cells transduced with Cdk2-F80G adenovirus and then exposed to cisplatin were protected from cell death (Fig. 3A, f and B, e) . When cyclin A was coexpressed with Cdk2-F80G, cells were no longer protected against cisplatin-induced cell death (Fig. 3A, h and B, f) . In the absence of cisplatin, cells cotransduced with both viruses showed only background apoptosis (Fig. 3A, d and B, c) .
Protection of TKPTS cells by Cdk2-F80G is lost when it is coexpressed with cyclin A. Apoptosis of cultured TKPTS cells was determined by light microscopy using Nomarski optics
Cdk2-F80G is mainly cytosolic and colocalizes with endogenous Cdk2 in the cytoplasm. To localize Cdk2-F80G and wild-type Cdk2, TKPTS cells were cotransduced with adenoviruses encoding Cdk2-GFP and Cdk2-F80G. The Cdk2 mutant was created as a fusion protein with a mCherry protein. No differences were observed comparing any results using Cdk2-F80G or Cdk2-F80GmCherry (data not shown). Twenty-four hours after transduction, cells were fixed and the nuclei were stained with DAPI. Cells were scanned using confocal fluorescence microscopy (Zeiss LSM510) with a ϫ63 oil objective. Wild-type Cdk2 is found in both nuclear and cytoplasmic compartments (Fig. 4A) . We found that Cdk2-F80G is mainly cytosolic (Fig. 4B ; also see supplemental data movie 1) and colocalizes with endogenous Cdk2 (Fig. 4D) . To determine the specific subcellular cytoplasmic localization of Cdk2-F80G, Fig. 3 . A: light microscopy of cultured mouse proximal tubule kidney cells (TKPTS). Cells were untreated (a-d) or exposed to 25 M cisplatin for 24 h (e-h). Cells were also transduced with adenovirus expressing Cdk2-F80GmCherry (b, d, f, h) and cyclin A (c, d, g, h) 24 h before cisplatin exposure. B: fluorescence microscopy of TKPTS cells after DAPI staining. Cells were untreated (a-c) or exposed to 25 M cisplatin for 24 h (d-f). Cells were also transduced with adenovirus expressing Cdk2-F80GmCherry (b, c, e, f) and cyclin A (c, f) 24 h before cisplatin exposure. All cells were grown on coverslips, fixed with neutral-buffered formaldehyde, and stained with DAPI. Apoptosis was studied with a fluorescence microscope with DAPI filter and ϫ40 oil objective.
we performed immunostaining with specific organelle marker proteins. The colocalization of Cdk2-F80G with the Golgi apparatus was confirmed with immunostaining with GM-130 as a Golgi marker ( Fig. 5 ; also see supplemental data movie 2). To obtain 3-D images, we used confocal Z-sections (0.5 m) reconstituted with Huygen software (Scientific Volume Imaging). These findings suggested that substrates of Cdk2 involved in the initiation of cisplatin cytotoxicity localize to the cytosol, specifically to endoplasmic reticulum/Golgi compartments.
Cdk2-F80G localizes to the nucleus when it is coexpressed with cyclin A. Cdk2-F80G is catalytically inactive but it regains its activity when coexpressed with cyclin A (Fig. 2B) . Without cyclin A, it is mainly cytosolic, unlike wild-type Cdk2 which is both nuclear and cytosolic (Figs. 4 and 5) . We studied Cdk2-F80G localization when cyclin A is abundant and Cdk2-F80G is active. We transduced TKPTS cells with adenoviruses expressing Cdk2-F80G and cyclin A. After 24 h, cells were fixed and nuclei were stained with DAPI. Cells were scanned with confocal fluorescence microscopy (Zeiss LSM510) using a ϫ63 oil objective. Z-stack images (0.5-m slices) were reconstituted in Huygens Professional software (Scientific Volume Imaging) to obtain 3-D images. The observations showed that Cdk2-F80G is primarily translocated to the nucleus when it is coexpressed with cyclin A (Fig. 6 ; also see supplemental data movie 3), a similar pattern to that of endogenous Cdk2.
Cdk2 is required for both caspase-dependent and -independent cisplatin-induced cell death. Cells exposed to cisplatin in the presence of activated mutant Cdk2 (Cdk2-F80G/cyclin A) had an apoptotic phenotype characterized by shrinkage and blebbing (Fig. 3A, h ) and nuclear staining showed nuclear fragmentation and chromatin condensation (Fig. 3B, f) . However, caspase-3 activation was not significant (Fig. 7, lane 7) . To elucidate the possible mechanism how the activated mutant Cdk2 participates in apoptosis, we studied the release of mitochondrial proteins that are important in caspase-dependent apoptosis (cytochrome c), and proteins that could play a role in caspase-independent apoptosis (Endo G; Fig. 8 ).
TKPTS cells grown on coverslips were transduced with both Cdk2-F80G and cyclin A adenoviruses (Fig. 8, C and F) . Twenty-four hours after virus transduction, cells were either left untreated (Fig. 8, A and D) or exposed to 25 M cisplatin (Fig. 8, B, C, E, F) . Forty-eight hours after transduction, cells were fixed and cytochrome c and Endo G were detected by immunostaining. Finally, nuclei were stained with DAPI. Cells were scanned under confocal fluorescence microscope (Zeiss LSM510) using a ϫ63 oil objective. The 3-D images were obtained using Huygen software as described previously. Untreated cells show punctate staining of cytochrome c and Endo G corresponding to mitochondrial localization (Fig. 8, A and D ; also see supplemental data movies 4 and 5). Cells transduced with Cdk2-F80G, cyclin A, or both adenoviruses showed similar localization (data not shown). In contrast, cells exposed to cisplatin had diffuse staining of cytochrome c indicating its release from mitochondria ( Fig. 8B ; see supplemental data movie 6); Endo G was also released from mitochondria and localized to both nucleus and cytoplasm ( Fig. 8E ; also see supplemental data movie 7). Cisplatin exposure of cells expressing activated mutant Cdk2 did not cause cytochrome c release from mitochondria ( Fig. 8C ; see also supplemental data Fig. 4 . Colocalization of Cdk2-F80GmCherry and wild-type Cdk2. TKPTS cells transduced with Cdk2-GFP and Cdk2-F80GmCherry expression adenoviruses. After fixation, cells were stained with DAPI. Fluorescent images were taken by using a confocal microscope (LSM510) with ϫ63 oil objective. Localization of wild-type Cdk2 (green; A), Cdk2-F80G (red; B), nucleus (blue; C), or merged image (colocalized wild-type and Cdk2-F80G's appear yellow/orange; D). movie 8), but Endo G was localized in the cytoplasm and the nucleus ( Fig. 8F ; see also supplemental data movie 9).
DISCUSSION
We previously published that cisplatin cytotoxicity is dependent on Cdk2 (32) . We also showed that cisplatin can induce nuclear-independent apoptosis in TKPTS cells and that cytoplasmic Cdk2 plays an important role in apoptosis signaling (44) . This predicts either a unique Cdk2-dependent pathway of cell death or that Cdk2 activity is integral for one or more of the known death pathways. Expression of DN-Cdk2 by adenoviral transduction eliminated endogenous Cdk2 kinase activity and protected from cisplatin cytotoxicity (46) . This reagent confirmed the dependence of cisplatin-induced cell death on Cdk2 but was not useful to probe the pathway involved. Cdk2 belongs to a family of Ser/Thr kinases that are critically important in the progression of eukaryotic cell cycle. To study the dependence of cell death on Cdk2, we created several mutants, one of which, Cdk2-F80G, had an effect on cell death without inhibiting endogenous Cdk2 activity.
When expressed by adenoviral transduction in mouse kidney proximal tubule (TKPTS) cells, Cdk2-F80G protein was inactive unless excess cyclin A was expressed in the cells (Fig. 2B) . Inactive Cdk2-F80G conferred protection against cisplatininduced apoptosis similar to that obtained when inhibiting Cdk2 by drugs, p21 adenovirus, and DN-Cdk2. Cdk2-inhibitory drugs, p21, and DN-Cdk2 all inhibit endogenous Cdk2 activity but Cdk2-F80G did not inhibit endogenous wild-type Cdk2 activity ( Fig. 2A) , showing that the mechanism of protection was more likely to be from either competition with endogenous Cdk2 for a substrate critical for cell death, or displacement of Cdk2 from access to a critical substrate.
Since we showed that cisplatin-induced cell death could have cytoplasmic origins, we studied the subcellular localization of Cdk2-F80G. Confocal imaging showed cytoplasmic localization of Cdk2-F80G, primarily in the Golgi and endoplasmic reticulum (Figs. 4 and 5) . It also showed that Cdk2-F80G colocalized with endogenous Cdk2 in these compartments and did not displace Cdk2 from these locations (Fig. 4) . Endogenous Cdk2 appeared to be both nuclear and cytoplasmic as previously reported (3, 4, 11, 15, 17, 19, 27, 33, 42) . Immunoprecipitation experiments showed that Cdk2-F80G had a low affinity for cyclins (data not shown) and was activated by coexpression with excess cyclin A (Fig. 2B) . When Cdk2-F80G was activated by cyclin A, it no longer protected against cisplatin-induced cytotoxicity and it was primarily relocated to the nucleus (Fig. 6 ), similar to endogenous Cdk2. Neither cyclin A nor Cdk2 has a consensus nuclear localization signal and the signal to import this heterodimer into the nucleus has not yet been identified. However, Maridor et al. (27) observed that the nuclear localization of cyclin A correlated with its ability to bind Cdk and Jackman et al. (17) found that Cdk2/cyclin A shuttles between the nucleus and (lanes 2, 4, 6, 7) and cyclin A adenovirus (lanes 5-8) for 48 h. Cells were exposed to 25 M cisplatin for 24 h without adenoviruses (lane 3) or treated with adenovirus for 24 h and then with cisplatin for 24 h (lanes 4, 7, 8 ). After treatment, cells were lysed and 100 g protein were separated on 12% SDS-PAGE and transferred to PVDF membrane. After being blocked with 5% milk in TBST, the membrane was incubated with primary antibody recognizing both cleaved and full-length caspases-3 (cell signaling). cytoplasm, but that its nuclear import was not determined by its binding to another protein containing a nuclear localization signal.
Cell death induced by cisplatin in the presence of the active mutant showed an apoptotic phenotype (Fig. 3) . However, caspase-3 activation was not significant (Fig. 7) . We concluded that cells exposed to cisplatin in the presence of activated Cdk2-F80G proceeded by a caspase-independent mode of cell death.
Most apoptotic cell death originates from permeabilization of the mitochondrial outer membrane causing the release of apoptogenic proteins such as cytochrome c, leading to caspasedependent cell death. However, without release of cytochrome c, release of other mitochondrial proteins, such as Endo G or AIF, is thought to result in a caspase-independent cell death (39). Cells exposed to cisplatin showed a diffuse staining for cytochrome c, indicating that it is released into the cytosol, and Western blotting showed that caspase-3 was significantly activated. In contrast, cytochrome c was not released into the cytosol of cisplatin-exposed cells expressing active Cdk2-F80G, and caspase-3 activation was not significant in these cells. However, Endo G was released from mitochondria and translocated to the nucleus, similar to its localization in cisplatin-exposed cells expressing only endogenous Cdk2. A similar observation was previously reported during galectin-1-induced cell death (12) . The exact mechanisms controlling the release of mitochondrial proteins are not completely understood. It was proposed that these mechanisms are protein specific and mediated by different changes in the mitochondria (2, 36, 41, 43, 47) . Our studies suggest that cisplatin does not cause the same mitochondrial changes in cells expressing active Cdk2-F80G as in cells expressing only endogenous Cdk2.
Our data suggest that Cdk2 activity is required for both caspase-dependent and -independent cell death induced by cisplatin. Activation of Cdk2-F80G by excess cyclin A allowed caspase-independent apoptosis to predominate. We propose that the mutant Cdk2 competed with endogenous Cdk2 for a specific substrate that is localized in the cytoplasm and is important in cisplatin-induced cell death.
